We have isolated the cDNA for a tyrosine kinase receptor that is expressed in the nervous system of Aplysia californica and that is similar to the vertebrate insulin receptor. Binding studies and immunocytochemical staining show that the receptor is abundant in the bag cell neurons. Application of vertebrate insulin to clusters of bag cell neurons stimulates the phosphorylation of the receptor on tyrosine residues, and exposure of isolated bag cell neurons to insulin produces an increase in height and a decrease in duration of the action potentials that can be detected within 15-30 min. These effects were not seen with insulin-like growth factor-l.
, suggesting that insulin may act through the blood stream as a hormone. In addition, insulin can be synthesized by neurons and is released by depolarization, suggesting that it may act as a neurotransmitter or as a local peptide hormone (Uvnas-Wallenstein, 1981; Boyd et al., 1985) . Several electrophysiological actions of insulin have been described, including increased electrical coupling between cultured sympathetic neurons (Wolinsky et al., 1985) and inhibition of spontaneous firing of rat hippocampal neurons (Palovcik et al., 1984) . Moreover, identified Aplysia neurons are rapidly hyperpolarized in response to vertebrate insulin (Shapiro et al., 1991) .
Insulin-like peptides have also been described in nervous systems of many invertebrates (Thorpe and Duve, 1984; Steiner et al., 1985) , notably in the pond snail, Lymnaea stagnalis. These molluscan insulin-like peptides (MIPS) are similar in sequence to mammalian insulin and are believed to regulate reproduction and growth (Smit et al., 1988 (Smit et al., , 1991 . Immunocytochemical evidence indicates that many neurons in the central nervous systems of Lymnaea and Aplysia contain these peptides (Van Minnen and Schallig, 1990) .
We report the cDNA cloning and biochemical characterization of an insulin receptor from Aplysia califomica and show that it is expressed abundantly in the bag cell neurons, a group of cells that play a key role in the onset of reproductive behaviors (Conn and Kaczmarek, 1989) . We also provide functional evidence that bag cell neurons express a receptor similar to the mammalian insulin receptor. Exposure of bag cell neurons to mammalian insulin triggers autophosphorylation on tyrosine residues of the bag cell neuron receptor and enhances voltage-dependent Ca2+ and K+ currents, leading to changes in action potentials.
MATERIALS AND METHODS

Immunocytochemistry.
Anti Receptor binding. Aplysia plasma membranes were obtained by the method of Petruzelli et al. (1982) and synaptosomal membranes were obtained by the method of Chin et al. (1989) .
Competitive binding experiments were performed as described by Czech and Lynn (1973) .
cDNA cloning. mRNA was extracted by the micro technique of Chirgwin et al. (1979) . In the experiments reported, mRNA was generated from two bag cell neuron clusters removed from a single Aplysia weighing 85 gm (Mariculture Facility, Miami, FL) . Coupled cDNA synthesis/PCR (PEiCetus kit 1402) was performed in a Perkin-Elmer Cetus PCR thermocycler (Emeryville, CA) using the degenerate ramp strategy of Lee and Caskey (1990) for cycles l-5 and a standard protocol for cycles 6-40. Primers, with sequences from the human insulin receptor kinase domain (Ullrich et al., 1985) were present at a final concentration of 0.4 PM each. Primer 1 (5'.TTzGGNATGGTNTAEGAeGG-3') is 120.fold degenerate, whereas primer 2 (5'.TA$TA$TCNGTzTC$TAtATgTC-3') is 384-fold degenerate.
PCR products were subcloned into pcDNA 1 (Invitrogen, San Diego, CA) using the AT subcloning system (Invitrogen Immunocomplex kinase assay and immunoblotting. Bag cell neuron clusters were dissected from 70-100 gm animals in high-Mgzf dissecting seawater (Eisenstadt et al., 1973) . The clusters were pooled in groups of three and placed in 1.5 ml Eppendorf tubes containing seawater (ASW; 460 mM NaCI, 10.4 mM KCI, 11 mM CaCI,, 55 mM MgCl,, and 10 mM Tris-HCI, pH 7.8). Bovine insulin (Calbiochem, San Diego, CA) was added to a final concentration of 100 nM, and the samples were incubated for 10 min at 16°C. voltage-clamp amplifier. In some experiments, membrane linear leak currents were subtracted from current traces on-line using a conventional P/4 pulse protocol. Data were digitized, stored, and analyzed as described above. Current measurements were made at peak inward current. Kt currents were recorded from neurons in either normal ASW or ASW containing 10 mM Co*+. All curient-and voltage-clamp recordings were performed in culture dishes containing 3 ml of ASW or substituted ASW as described. Bovine insulin (Collaborative Research, Bedford, MA) was added to dishes by pipette in a 30 ~1 volume to produce a final bath concentration of 5 pM. In some experiments, 1 mgiml carrier BSA was added to the bath before insulin. In control experiments, BSA had no effect on the electrical properties of the bag cell neurons. Insulin-induced changes in electrophysiological parameters are typically expressed as a percentage of preexposure control values ? SEM, and the statistical significance of observed changes was assessed by constructing confidence intervals based on Student's t distribution. Two sample means were compared with Student's t test.
RESULTS
Distribution of insulin receptor immunoreactivity in Aplysia neurons
We used anti-peptide antibodies against the extracellular hormone-binding pocket of the mammalian insulin receptor to survey the Aplysia nervous system immunocytochemically. These antibodies have been shown to react with bovine, Xenopus, and Drosophila insulin receptors (Petruzelli et al., 1985) . Insulin receptor immunoreactivity was greatest in the bag cell neurons of the abdominal ganglion in which all cells in the cluster appear immunoreactive (Fig. 1) . Staining of processes was also seen in the sheath, neuropil, and fibers along some of the caudal nerves of the ganglion. For the most part, this distribution corresponds to that of the egg-laying hormone (ELH) of the bag cell (Chiu and Strumwasser, 1981) . The specificity of this immunoreactivity was tested by competition with insulin. The insulin receptor antibody, at a concentration of 100 &ml, was incubated with sections of Aplysia abdominal ganglia for 15 min and then with 1 PM insulin for an additional 10 min before addition of the labeled secondary antibody. Incubation with insulin extinguished the staining seen with the anti-receptor antibodies (data not shown). Confocal microscopy with 1 ,um sections revealed that immunoreactivity is present in both cytoplasm and plasma membrane. A similar distribution of immunoreactivity occurred in bag cell neurons in culture for 1 d in three separate experiments. In contrast to the uniform staining of bag cell neurons in the intact nervous system, only 25% of the cultured cells appear positive compared with nonimmune IgG controls (data not shown).
Evidence for an insulin receptor in Aplysia neurons
Using the same antibody for immunoblotting, we detected a prominent protein component with an approximate molecular weight of 130,000 in extracts of bag cell neurons ( Fig. 2A) , but not in the atria1 gland or pleural-pedal ganglia. The size of the immunoreactive component is that expected for an insulin receptor (Stadtmauer and Rosen, 1983) . Longer exposure of the autoradiogram shown in Figure 2A showed modest immunoreactivity in plasma membranes of buccal muscle (not shown). Quantitation by scanning densitometry of Western blot analysis indicates that the receptor is 47 +-6.3 (n = 3) times more concentrated in bag cell neurons than in the muscle membranes.
We also found high-affinity binding sites for insulin in Aplysia neurons. ['251 ]porcine insulin, a ligand that binds with high affinity to insulin receptors in other animals (Cuatrecasas, 1972) , binds to Aplysia synaptosomal membranes ( Fig. 2@ and to buccal muscle membranes (data not shown). In all experiments, specific binding, which is saturable, was at least threefold greater than nonspecific binding. Scatchard analysis of specific binding showed a linear slope, indicating a single class of binding sites with a binding constant (&) of 140 -C 12 nM (n = 4) in synaptosomal membranes (Fig. 2B , inset) and 70 2 8 nM (n = 4) in buccal muscle membranes. In the same assays, we found the binding constant for human placental plasma membranes to be 7 nM.
Next, we examined the specificity of insulin binding to buccal muscle plasma membranes. By immunoblot analysis, we had shown that the receptor is present in buccal muscle. Even though the receptor is not as prevalent as in bag cell neurons, we used this tissue because muscle is much more abundant. The concentration of competitor required to displace half of the porcine insulin bound to buccal muscle membranes was determined for several peptide hormones by displacement binding. The somatomedin, insulin-like growth factor-l (IGF-1) which, in addition to binding its own unique receptor, binds to mammalian insulin receptors competitively but with a lower affinity than insulin (Schweitzer et al., 1980) , displaced insulin with an IC,, of 3.3 FM (n = 4). IGF-2 displaced insulin with an IC,, of 10.6 pM (n = 4), whereas the unrelated peptides (vasopressin, oxytocin, and glucagon) all have IC,,s of ~100 pM (n = 4). Similar binding studies were not performed with membranes from bag cell neurons because of the limiting amounts of tissue in these clusters.
Isolation of cDNA clones encoding an Aplysia insulin receptor
Because there is evidence for insulin receptors in bag cell neurons (Figs. 1, 2), we undertook its molecular cloning. The sequence of the cloned Aplysia insulin receptor cDNA is shown in Figure 3 . To isolate cDNAs, we took advantage of the identity between the human and the Drosophila insulin receptor kinase domains (Ullrich et al., 1985) . Degenerate DNA oligonucleotides were constructed to amplify cDNA encoding an insulin receptor kinase domain from bag cell neuron mRNA. The PCR was performed using the novel degenerate ramp strategy of Lee and Caskey (1990) and resulted in an amplified cDNA containing 510 bp, which is 10 bp longer than the cDNA sequence of the human receptor.
A comparison of a portion of the inferred protein sequence with other receptor and nonreceptor tyrosine kinases (Hanks et al., 1988) shows that the insulin kinase cDNA encodes a protein that belongs to the somatomedin family of receptor tyrosine kinases (Fig. 4B ). In particular, two sequences, Met-Val-Ala (MVA) and Met-Thr-Arg (MTR), are characteristic of the human placental insulin receptor, the human IGF-1 receptor, and the Drosophila insulin receptor kinase domains ( Fig. 4B ) but are found neither in the human epidermal growth factor (EGF) receptor kinase domain nor in the kinase domains of the nonreceptor tyrosine kinases human, c-src, and c-abl.
To test whether this amplified cDNA contains a single receptor kinase domain or a heterogeneous population of tyrosine kinase domains, we cut the 510 bp amplified cDNA with the 4 bp endonucleases HpaI and AhaII. Because the sizes of the resulting fragments resolved by agarose gel electrophoresis add up to the uncut 510 bp cDNA (data not shown), we reasoned that this amplified cDNA is a single sequence and therefore encodes a single insulin receptor kinase domain. We used the 510 bp amplified kinase domain to screen a random-primed, size-selected bag cell neuron cDNA library. We isolated four cDNAs containing 7.1 kb of overlapping sequence ( A diagram of the structure of the Aplysia insulin receptor is shown in Figure 4A . The predicted amino acid sequence of the Aplysia insulin receptor cDNA can be aligned with other members of the somatomedin receptor family. Four of the five tyrosine autophosphorylation sites found in the human kinase domain are conserved. The Aplysia receptor includes a signal peptide from amino acid residues 1-21 of the a! subunit and a membranespanning domain from residues 147-162 of the p subunit of the receptor (Fig. 4A) . A sequence of four Arg residues beginning at position 121 presumably is the site of cleavage of the proreceptor into mature a! and p subunits. The human receptor is cleaved at Arg-Lys-Arg-Arg by a prohormone convertase-like enzyme (Ullrich et al., 1985) . Our data suggest, therefore, that the Aplysia receptor, like the human and Drosophila insulin receptors, is transcribed from a single copy gene and has distinct subunits (Rosen, 1987) . The a! subunit, transcribed from the 5' end of the gene, is entirely extracellular and binds insulin, whereas the p subunit contains an extracellular domain that is connected to the (Y subunit by disulfide linkages, a membrane-spanning domain, and a tyrosine kinase domain encoded near the C terminus of the protein.
Southern blot analysis, using cDNA probes from both the conserved kinase domain and a unique sequence from DNA encoding the extracellular a! subunit, indicates that the Aplysia insulin receptor (ApZ-IR) is encoded by a single gene. By cutting genomic DNA with HindIII, we found that the entire Apl-IR is encoded on a fragment of -12 kb (data not shown). Digestion of the DNA with EcoRI, an enzyme that cuts the receptor cDNA once at position 3123 in the putative kinase domain, produced two fragments that were detected when probed at high stringency with the 510 bp PCR probe that also contains this EcoRI site. Northern blot analysis indicated that the gene encodes a transcript of -9 kb (data not shown).
Bag cell neurons express a functional insulin receptor tyrosine kinase All receptor tyrosine kinases described to date respond to agonist binding by undergoing autophosphorylation on specific tyrosine residues in the tyrosine kinase domain of the receptor (Schlessinger and Ullrich, 1992) . To test whether the insulin receptor expressed by the bag cell neurons is autophosphorylated and, more critically, to test whether vertebrate insulin triggers this reaction, we measured the kinase activity of immunoprecipitated receptor and detected phosphotyrosyl groups in the receptor using anti-phosphotyrosine antibodies.
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Asp Ala Ser Thr Pro Le"k9 "et Gly Asp Tyr Gl" Gl" AsnSer Ser Le" Asp Gin Pro Pro G," Ser Pro ,,e Alo Net Vd Asp Asp G," Gly SW His Le" Pro PheSer LeuPro Figure 5A , when immunoprecipitates of the 95 kDa /3 subunit of the receptor from bag cell neurons were incubated with [q2P]ATP, autophosphorylation also could be detected (lane 2). Incubation of the clusters of bag cell neurons with bovine insulin (100 nM) for 10 min before homogenization, however, resulted in a 4.2-fold increase in incorporation of labeled phosphate into the protein (n = 4; lane 1). Pretreatment of the cells with 390 nM herbimycin A, a selective tyrosine kinase inhibitor (Uehara et al., 1986), for 1 hr before adding insulin to the cells blocked the increase in phosphate incorporation (n = 4; lanes 3 and 4). Addition of herbimycin A to immunoprecipitates (after immunoprecipitation of the receptor but before the addition of [$"P]ATP) decreased but did not block, the insulin response (lanes 5 and 6).
The data shown in Figure SB confirm that the insulindependent autophosphorylation of the receptor is on tyrosine residues. In this experiment, the immunoprecipitates from an immunocomplex assay performed in the presence of unlabeled ATP were transferred to a nitrocellulose filter and probed with an anti-phosphotyrosine antibody. Insulin caused the phosphotyrosinc content of the receptor to increase. As with the kinase assay, preincubation of cells with herbimycin A inhibited the increase in phosphotyrosine content; it also inhibited insulinstimulated phosphorylation on tyrosine residues to a lesser degree when added after immunoprecipitation but before the kinase reaction.
Insulin changes the shape of action potentials To determine whether exposure to insulin affects the electrical properties of bag cell neurons, we tested the acute actions of the peptide on individual, isolated neurons (n = 8) maintained in cell culture (Kaczmarek and Strumwasser, 1981) and also compared populations of acutely treated and untreated cultured cells (n = 27). In individual cells, concentrations of insulin of 100 nM, 1 PM, Figure 4 . Functional domains of the Aplysiu bag cell neuron insulin receptor and relationship of the A&G bag cell neuron insulin receptor kinase domain to the somatomedin receptor family kinases. A, The complete cDNA encodes both the 01 and p subunits. At the N terminus, a possible signal peptide (SP) directs the protein through the plasma membrane. The Cys-rich domain (Cys) is believed to bind insulin (Ullrich et al., 1985) . The tetra-Arg site (RRRR) is a possible cleavage site between the extracellular 01 subunit and the transmembrane p subunit. A 15-amino-acid hydrophobic domain follows this putative cleavage site and is likely to be the transmembrane-spanning domain (Tm). A 187-amino-acid kinase domain (shaded) near the C terminus is 88% identical to the Drosophila kinase domain and 73% identical to the human kinase domain. B, Sequence analysis of the degenerate PCR-amplified Aplysiu bag cell neuron kinase domain reveals that it shares amino acid residues WA and MTR found only in the cloned somatomedin receptor family of kinases but not in the kinase domains of other receptor and nonreceptor tyrosine kinases.
and 5 PM caused an increase in the height of action potentials, but 10 nM insulin was without effect (data not shown). In all of the data presented, the 5 PM concentration was used. The typical shape of action potentials evoked by a single depolarizing current pulse is shown in Figure 6A for an isolated bag cell neuron in the presence and absence of insulin. At the onset of the current injection, the neuron begins to depolarize toward action potential threshold. The rapid rising phase of the action potential occurs after a characteristic latency and the membrane potential then repolarizes before the end of the 150 msec stimulus. After insulin was added, the latency was reduced from the onset of the pulse to the upstroke of the action potential. The amplitude of action potentials was also increased. These changes occurred with no change in the resting potential of the cells (control resting potential, -47 t 3 mV; after insulin, -45 t 4 mV; n = 8).
Typically, the effect of insulin was evident within 15-30 min of application. The time course of the increase in action potential amplitude induced by insulin is shown in Figure 7A , and the combined data for eight cells are shown in Figure 7B . The heights of action potentials evoked by current pulses in different bag cell neurons can vary from 35 to 70 mV. The heights of action potentials have therefore been normalized to the mean control value measured in the same cells during the 15 min period before insulin treatment (labeled 100 at time 0 in the graph). After 1 hr of exposure to insulin, the mean action potential amplitude increased significantly in all eight cells (from 49.7 5 4.8 to 57.04 t 4.61 mV,p < 0.02; n = 8). Neurons treated with vehicle (n = 13) showed no increase in height of action potential. On the contrary, the spike amplitude gradually declined during the same time period (from 62.01 ? 5.75 to 51.70 i 5.67 mV, p < 0.001). Moreover, the insulin-related peptide IGF-1 (1 &ml; IZ = 4) also produced no significant change in the shape of action potentials ( Fig. 6D; control height, 65.6 t 7.01 mV; after IGF-1, 64.7 ? 7.4; p -c 0.56). . Insulin-sensitive tyrosine kinase activity in bag cell neurons. For these experiments, bag cell clusters (3flane) were exposed to insulin in resting ASW (+) or resting ASW alone (-). In each set of experiments, some clusters were treated with herbimycin A for 60 min before cell lysis (-60 min) or with herbimycin A during the kinase reaction (/&use). In parallel, control clusters were not exposed to the tyrosine kinase inhibitor (None). A, Immunocomplex kinase assay of bag cell neurons. The insulin receptor tyrosine kinase was immunoprecipitated using a monoclonal antibody raised against the vertebrate insulin receptor p subunit. The immunoprecipitate was then subjected to an in vitro receptor autokinase assay. This assay was performed by adding ["/-32P]ATP to the immunoprecipitated receptor (now coupled to protein A-Sepharose beads) suspended in kinase buffer (see Materials and Methods). After the kinase reaction, the autophosphorylated receptor was released from the beads by boiling in SDS-PAGE sample buffer and electrophoresed. The gel was fixed, autoradiographed, and photographed. The bag cell insulin receptor-autophosphorylated p subunit migrates at -95 kDa. The migration distances of protein standards are indicated at the left side of the gel. B, A Western blot of a parallel immunocomplex assay. In this experiment, the immunoprecipitates were separated by SDS-PAGE after the kinase reaction with unlabeled ATP, transferred to a nitrocellulose filter, and then reacted with an anti-phosphotyrosine monoclonal antibody followed by alkaline phosphatase-conjugated anti-mouse IgG. The results are representative of four experiments. The -50 kDa bands seen in both A and B are IgG heavy chains from the primary antibody brought down in the immunoprecipitation and phosphorylated in the kinase reaction.
In several cells, insulin produced additional changes in the voltage response of bag cell neurons to current pulses. In four neurons, the excitability of the cells was increased to the point that the 150 msec constant current pulses, which had been adjusted to trigger only a single spike before the application of insulin, evoked extra action potentials after insulin (see Fig. 6A ). In two cells, insulin treatment induced a hump that arose out of the falling phase of the action potentials (Fig. 6&C) . Insulin treatment also typically decreased the duration of action potentials (see Fig. 6A ). Measurements of width were made at a voltage corresponding to 66% of the height of the action potential. The mean time course for the decrease in action potential duration for seven neurons is shown in Figure 7C . (Measurements could not be made in one cell because of the emergence of a hump that occurred at a potential positive to 66% of spike height.) At 1 hr of insulin treatment, the duration was reduced significantly to 78 + 7.7% of the mean control value (p < 0.02).
We performed additional experiments in which we sampled the amplitudes of action potentials in a population of bag cell neurons treated acutely with insulin and in a control population of cells dissociated from the same bag cell clusters. The mean action potential height of the insulin-treated neurons was 80.6 t 1.8 mV (n = 27) which is significantly different from the corresponding value of 69.5 + 3.1 mV (n = 22) in the control neurons from the same cluster (p < 0.003). ined the effect of insulin on inward currents in these cells. Inward divalent currents were isolated by replacing NaCl with 460 mM TEA-Cl and KC1 with 10.4 mM CsCl in ASW. In most experiments, we used Bazt . ions as the charge carrier, replacing CaCl, with 10.4 mM BaCl,.
Insulin increases voltage-dependent
Application of insulin produced an increase in both the peak and the sustained components of the Ba2+ current (Fig. S4) . Ba2+ currents were measured in isolated bag cell neurons during step depolarizations from a holding potential of -60 to -10 mV. Currents are shown before and 30 min after the application of 5 PM insulin. Treatment with insulin produced a significant increase in peak Ba2+ current (18 5 7%) above the mean control current amplitude in 14 cells (p < 0.04). The increase in current occurred >20-40 min after treatment with insulin. The time course of the effect on Ba2+ current obtained in four insulin-treated cells and three control cells in which Ba2+ currents were measured at 5 min intervals during 50 min of stable recording is illustrated in Figure  SB . Ba2+ currents run down slowly in untreated cells but increase in insulin-treated neurons during the same time period. Recordings were also made in five more cells in which Ca2+ ions were used as the charge carrier. Both the percent increase in the amplitude of the currents after treatment and the time course of the effect of insulin were similar to those seen in the experiments with Ba2+. Insulin increased the mean inward Ca2+ current by 15 2 4% (p < 0.01; n = 5).
Because the amplitude of Bazf currents decreases in control cells during 1 hr or more of recording, we also compared the amplitude of currents in populations of neurons from the same bag cell clusters. We found that neurons treated with insulin for 90 min had significantly larger Ba2+ currents than control untreated cells from the same cluster ( Fig. SC,D ;p < 0.001, n = 4). Because activation of the insulin receptor protein kinase is inhibited by herbimycin A, we also tested the effects of this tyrosine kinase inhibitor on the enhancement of Ba2+ currents by insulin. Herbimycin A (1.7 PM) alone had no effect on the amplitude of Ba2+ currents (p < 0.3, IZ = 4) but abolished the increase in response to insulin (Fig. 8C,D) .
Ca2+ currents in bag cell neurons are known to be enhanced by Figure 7 . Insulin increases action potential amplitude and decreases action potential duration. A, The time course of the effect on action potential height in one bag cell neuron. Insulin was added just before t = 0 (arrow). B, The mean action potential heights are plotted for eight neurons that were measured every 15 min over the course of 1 hr. Results are normalized to the mean values before adding insulin (before t = 0). Neurons used in the analysis had similar morphologies and resting membrane potentials. C, Mean time course of the decrease in duration (expressed as percent of mean control) of action potentials from seven neurons. The results were obtained before (t = 0) and at the indicated times after adding insulin.
activators of protein kinase C, and this enhancement can be blocked by preincubation with the Ser/Thr protein kinase inhibitor H7 (Conn et al., 1989) . Previous work on bag cell neurons has shown that H7 alone is without effect on Bazt currents in untreated cells (Conn et al., 1989) , and this finding was confirmed in the present study using isolated cells prepared from the same cluster (control peak Ba2+ current, 2.48 -C 0.56 nA; current in H7, 2.80 5 0.94; p < 0.77; n = 4). When cells that had been treated Jonas et al. l Insulin Receptor i n Bag Cel l Neurons with insulin were compared with cells treated with insulin in the presence of 100 pM H7, however, H7 was found to produce a 38% decrease in the insulin-enhanced Ba2+ currents (p < 0.01, II = 6; data not shown).
Insulin increases a component of K+ current
One of the effects of insulin on the action potentials of bag cell neurons is to decrease their width. Because Kt currents play an important role in the repolarization of action potentials, we tested the effect of insulin on outward currents recorded in ASW. In the cell shown in Figure 9A , insulin produced an increase in the amplitude of delayed outward currents evoked by stepping the membrane potential from -40 mV to potentials between -30 and +30 mV. The currents were increased at all potentials, and the tail currents recorded at the end of the depolarization were also enhanced. The combined data from 19 neurons show that insulin produced a mean increase in delayed outward current of 17.4 -t 5.3% (p < 0.005; Fig. 90 ). This increase in outward current began lo-40 min after adding insulin. In contrast, the transient A-type K+ currents, evoked by stepping the membrane potential to -40 mV from more negative potentials, were not affected by insulin treatment (Fig. 9B,D ; peak outward current on stepping from -100 to -40 mV before insulin: 1.94 5 0.33 nA; after insulin: 1.97 t 0.31 nA).
Previous work has shown that the outward current in isolated bag cell neurons, recorded in Ca'+-containing ASW and evoked by depolarizations from holding potentials of -40 mV, consists of a Ca'+-activated Kt current and two components of voltagedependent K+ current (Kaczmarek and Strumwasser, 1984; Strong and Kaczmarek, 1986; Quattrocki et al., 1994) . Because insulin increases Ca2+ currents, an increase in outward current could be secondary to increased Cazt entry, reflecting enhanced activation of a Ca'+-activated K+ current. To determine whether insulin has an effect on the voltage-dependent Kf currents, we tested its effect on four neurons in the presence of 10 mM CoCl,, which eliminates the voltage-gated Ca2+ current in molluscan neurons (Kaczmarek and Strumwasser, 1984; Byerly and Hagiwara, 1988) . Under these conditions, insulin increased the delayed K+ current in all of the cells (mean increase, 32 + 8%,p < 0.02; Fig. 9D ) as well as the amplitude of the outward tail currents (Fig.  SC) . These experiments suggest that the enhancement of voltagedependent K+ currents by insulin does not depend on the entry of Ca'+.
DISCUSSION
We have found that insulin receptors are highly expressed in the bag cell neurons of Aplysiu. The binding of insulin to these receptors results in the autophosphorylation of the p subunit on tyrosine residues and produces an increase in the amplitude of voltage-dependent Cazt and Kt currents, leading to increased excitability of these cells. Neuronal processes surrounding the clusters of bag cell neurons are immunopositive for insulin-like peptides. These processes possibly originate from cells in the cerebral ganglia, which have been shown to contain an insulin-like activity (Stadtmauer et al., 1994) . The actions of insulin on the bag cell neurons suggest that insulin may have a previously undescribed role as a neuromodulator or neurotransmitter. Because bag cell neurons function to initiate egg laying, it is possible that insulin regulates the triggering of egg laying and its associated behaviors. The Aplysia insulin receptor
Comparison of the deduced amino acid sequence of the cDNA clone A$-IR with other tyrosine kinases reveals domains characteristic of the somatomedin receptor family (Hanks et al., 1988) . The Aplysia cy subunit sequence contains a Cys-rich domain present in all other insulin-like receptors, which is believed to be the insulin binding site (Rosen, 1987) . Conservation of the total extracellular insulin-binding (Y domain sequence is poor, but this is to be expected for the (Y subunit across phylogeny. Binding and functional studies suggest that Apl-IR functions as a receptor. Immunocytochemistry in bag cell neurons using the human antipeptide insulin-binding antibody shows strong immunoreactivity both in intact isolated abdominal ganglia and in dissociated neurons in culture. As reported for some other cells (Joose et al., 1993) staining is not localized solely to the plasma membrane but is also present in cytoplasm, possibly as a result of internalization of plasma membrane receptors. The Apl-IR is most abundant in bag cell neurons, a group of cells that function to initiate egg The typical increase in the inward current in response to insulin can also be seen in these traces before the onset of the delayed outward currents. B, Lack of effect of insulin on A-current. A series of traces was obtained by holding at -40 mV and then giving a series of hyperpolarizing pulses from -100 to -50 mV. The two sets of traces were obtained before and 20 min after insulin treatment. C, Insulin increases delayed Kt current in the presence of external Co2+: superimposed currents before and after application of insulin in normal ASW (top traces); superimposed currents before and after application of insulin in ASW containing 10 mM CoCl, (bottom truces). Currents were evoked by voltage steps from -40 to 0 mV. D, Histograms of mean control currents and currents after administration of 5 pM insulin. Data are shown for the A-current, measured by stepping the potential from -100 to -40 mV (see B; it = 9). For the total delayed Kf current (I&, ) and for the delayed Kt current in the presence of Co2+ ), membrane potential was stepped from -40 to +30 mV (see A and C, IZ = 19 for ZK(tot); n = 4 for ZK(c02+j). NS, Not significant; *p < 0.02, laying and its accompanying reproductive behaviors (Scheller et al., 1983; Conn and Kaczmarek, 1989) . By using sensitive PCR, we found that this insulin-like receptor transcript is also present in cells elsewhere in the nervous system, including large neurons in the abdominal ganglion (D. H. Solomon and J. H. Schwartz, unpublished observations). We used vertebrate insulin to stimulate the kinase activity of the bag cell neuron insulin receptor. In common with the mammalian receptor, insulin binding appears to result in the autophosphorylation of the p subunit of the receptor on tyrosine residues and this phosphorylation is inhibited by the tyrosine kinase inhibitor herbimycin A. As with the Drosophila receptor (Garofalo and Rosen, 1988), we found that higher concentrations of the heterologous ligand are needed than for a vertebrate receptor. The requirement for a higher concentration suggests that mammalian insulin is a poor homolog of the endogenous molluscan peptides. It is not surprising that the binding constant of [1251] porcine insulin to Aplysia tissue; is about an order of magnitude greater than for placental membranes; Petruzelli et al. (1985) also found that ['251 ]porcine insulin binds to Drosophila membranes with a Kd of 120 nM.
Mechanisms of ion channel modulation in the bag cell neurons Exposure of isolated bag cell neurons to bovine insulin produces an increase in the amplitude of action potentials. This increase is accompanied by an enhancement of voltage-dependent Ca2' and K+ currents that occurs over 15-30 min. This time course suggests that insulin acts as a neuromodulator or neurotransmitter rather than as a trophic factor. Effects of growth factors on ion currents in neuroendocrine cells have been described previously, but these effects typically occur over several days and are believed to involve regulation of expression of the ion channels in the cell membrane (Garber et al., 1989) .
The effects of insulin on Ca2' current are blocked by pretreatment of the cells with herbimycin A, an agent that prevents autophosphorylation of the bag cell insulin receptor on tyrosine residues. Activation of the insulin receptor may be followed by the recruitment of other second messenger pathways. For example, changes in the activity of the CAMP-dependent protein kinase and of protein kinase C are known to affect bag cell neuron K+ and Cazt currents, respectively (DeRiemer et al., 1985; Strong et al., 1987; Knox and Kaczmarek, 1992; Loechner and Kaczmarek, 1994) . Exposure to insulin results in the activation of protein kinase C in bag cell neurons (W. S. Sossin, C.-S. Chen, and Alex Toker, unpublished data), and our results suggest that the effects of insulin on Cazt currents can be blocked by H7, an inhibitor of protein kinase C in bag cell neurons (Conn et al., 1989 ). Thus, it is possible that the enhancement of Cazt current by insulin results from the recruitment of the protein kinase C regulated Ca2+ channels that have been described in these cells (Strong et al., 1987) , although this hypothesis has yet to be tested directly.
Other signal transduction pathways linking growth factor receptors to ion channel functions also exist (Palovcik et al., 1984; Sakaguchi and Bray, 1987; Shapiro et al., 1991; Selinfreund and Blair, 1994) . Regulation of K+ channels by EGF, acting through both inositol trisphosphate and protein kinase C, has been reported for cloned ion channels expressed in Xenopus oocytes (Timpe and Fantl, 1994) . EGF may also stimulate phospholipase A2 activation with resultant modulation of Ca2+ channels (Peppelenbosch et al., 1992) . In addition, it is not yet known whether pathways such as the mitogen-activated protein kinase cascade (Boulton et al., 1991) are able to modulate excitability. One indirect pathway of insulin action that has been studied in Aplysiu (Shapiro et al., 1991) and in liver, adipocytes, and erythroleukemic cells (Misek and Saltiel, 1992, 1994; Lazar et al., 1994) is the formation of inositol phosphate glycan (IPG). When injected into Aplysia L14 neurons, IPG mimics application of insulin.
Aplysia insulin-like peptides The source of the endogenous insulin-like peptide that normally acts on the bag cell neurons has not yet been determined. Two possibilities exist. Insulin-like peptides may act as hormones released from a glandular source or may act as neuropeptides released directly onto bag cell neurons from presynaptic nerve terminals. In Lyrnnaea, there are four gene families encoding insulin-like peptides, MIP I, II, III, and V (Smit et al., 1988 (Smit et al., , 1991 Meester et al., 1992) . In situ hybridization in Lytnnaea shows that the MIP I family is expressed only in specific cells of the cerebral ganglion that regulate reproduction (Smit et al., 1988) , whereas the MIP II and MIP III families are expressed in other cells in the nervous system. Because the Aplysiu bag cell neuron insulin receptor is encoded by a single gene, if there are multiple insulinlike peptides in Aplysia, they may bind to the receptor with different affinities and may be released from distinct sites, acting either as hormones or as peptide transmitters.
In addition to its actions on the bag cell neurons, insulin has actions on other identified Aplysiu neurons. Shapiro et al. (1991) showed that vertebrate insulin hyperpolarizes L14 cells-motor neurons for inking. Because both L14 and bag cell neurons are involved in complex behaviors, endogenous insulin-like peptides may integrate these behaviors. Insulin suppresses the firing of L14 cells, making it more difficult for the animal to ink. If insulin secretion rises after feeding, as in vertebrates (see Schwartz et al., 1992) , this would serve to suppress inking during feeding, a discordant behavior. Through their actions on bag cell neurons, insulin-like peptides may regulate egg laying (Conn and Kaczmarek, 1989) and may contribute to the initiation of mating behavior after feeding (Ziv et al., 1989 
